Excitation of four coherent phonon modes of different symmetries has been realized in copper metaborate CuB2O4 via impulsive stimulated Raman scattering (ISRS). Phonons were detected by monitoring changes in the linear optical birefringence using the balanced-detection (BD) technique. We compare the results of BD-ISRS experiment to the polarized spontaneous Raman scattering spectra. We show that the agreement between the two sets of data obtained by these allied techniques in a wide phonon frequencies range of 4-14 THz can be achieved by rigorously taking into account the symmetry of the phonon modes, and the corresponding excitation and detection selection rules. It is also important to account for the difference between incoherent and coherent phonons in terms of their contributions to the Raman scattering process. This comparative analysis highlights the importance of the ratio between the frequency of a particular mode, and the pump and probe spectral widths. We demonstrate analytically that the pump and probe pulse durations of 90 and 50 fs, respectively, used in our experiments, limit the highest frequency of the excited and detected coherent phonon modes to 12 THz, and define their relative amplitudes.
I. INTRODUCTION

Impulsive stimulated Raman scattering (ISRS)
1 is a powerful technique, allowing generation of collective excitations in a medium via inelastic scattering of a single (sub-)picosecond laser pulse. It has become a widely used tool to excite coherent phonons, 2-5 magnons, 6, 7 phononpolaritons, 8 as well as coherent charge fluctuations.
9
ISRS is essentially the stimulated inelastic scattering of a photon of frequency ω i into one of frequency ω j = ω i − Ω accompanied by the creation of a quasiparticle of frequency Ω. This process is, on the one hand, governed by selection rules, i.e., by medium properties described by a Raman tensor, and, on the other hand, highly responsive to the spectral and temporal characteristic of the exciting laser pulse. As a result, ISRS enables selective excitation of particular coherent quasiparticles achieved by choosing proper polarization of the laser pulse. Control of the coherent quasiparticle amplitude can be realized by pulse shaping. [10] [11] [12] [13] [14] [15] Importantly, ISRS can be realized in both opaque and transparent media. While in the former case ISRS competes with other excitation mechanisms based on impulsive light absorption 16 , in a transparent medium, non-resonant ISRS is the sole mechanism driving coherent excitations of electrons, lattice, or spins.
17
ISRS and spontaneous Raman scattering (RS) are closely related, however different, processes. The selection rules known for RS define the polarization of exciting femtosecond pulses to be used for triggering impulsively specific excitation in a medium. However, since the (sub-)picosecond pulse should possess a sufficiently broad spectrum to excite a coherent mode of a given frequency, the duration of the pulse defines the efficiency of the ISRS. In contrast to RS experiments, ISRS employ probe pulses to monitor excited coherent quasiparticles in the time domain. Therefore, the polarization and the duration of these pulses, although often disregarded, are of no lesser importance for the outcome of the conventional ISRS experiments. Next, ISRS and RS processes differ in what concerns the character of quasiparticles addressed, coherent vs. incoherent, respectively. Understanding how an interplay of all these factors affects the results of the ISRS experiment, and establishing vivid links between Raman tensor components and values measured in the ISRS experiments is crucial in the light of recent developments of ISRS-based techniques. Thus, a novel approach was recently suggested to obtain information about Raman tensors from the ISRS-based coherent lattice fluctuation spectroscopy. 18 It has been shown that a comparison of RS and pump-probe data can be used to identify the processes underlying coherent phononplasmon mode generation in doped GaN. 19 The comparison between RS data and the outcome of pump-probe experiments was also employed recently in the case of displacive excitation of coherent phonons (DECP) in opaque bismuth and antimony to get insight into ultrafast processes triggered by femtosecond laser pulses. 20 It was recently suggested in Ref. 21 and later disputed in Ref. 22 that the changes of a coherent phonon amplitude with the pump pulse duration may shed light on the excitation mechanism and help distinguishing resonant ISRS from DECP mechanisms. Finally, excitation and detection of a plethora of coherent quasi-particles in a single experi-ment, as well access to other types of high-frequency collective excitations 23 becomes accessible nowadays owing to availability of laser pulses of ever-shorter durations. 24 Therefore, tuning polarization, 25 spectral, 17 temporal, 15 and phase 26, 27 characteristics of laser pulses are actively exploited nowadays for realizing selective excitation of particular collective modes.
In this Article we demonstrate how an intrinsic interconnection between the values measured by RS and ISRS techniques can be achieved by designing a single ISRS experiment, which reveals the roles of pump and probe polarizations and durations, as well as of the incoherent and coherent natures of involved quasiparticles. All prerequisites for such an experiment are met by exciting impulsively in a dielectric copper metaborate CuB 2 O 4 multiple coherent optical phonon modes of different symmetries, and probing them via a polarization-sensitive optical effect. The choice of CuB 2 O 4 is motivated by its crystallographic structure 28 yielding an exceptionally rich phonon spectrum, unique optical, 29 magnetic, 30 and magnetooptical 31, 32 properties, as well as recent interest to ultrafast laser-driven processes in this material. 33 We demonstrate that laser pulses of 90-fs duration can effectively excite in CuB 2 O 4 at least four optical phonon modes of A 1 and B 1 symmetries with frequencies between 4 and 12 THz. They are detected in the balanced-detection ISRS experiment (BD-ISRS), in which polarization modulation of the 50-fs probe pulses is monitored. By comparing the results of our experiment to RS spectra, 34, 35 we establish the link between the values measured by these two complimentary techniques, and show that an analysis of the efficiencies of excitation of multiple modes via ISRS can be done only by rigorously taking into account the symmetry of each mode, the corresponding excitation and detection selection rules, and the ratio between the frequency of the particular mode and the pump and probe spectral widths. We note that our approach to revealing the role of the pump and probe pulse durations in ISRS is an alternative to the conventional one, when one tunes the duration of the pump or probe pulses and monitors the corresponding changes in a particular excited coherent phonon mode in a medium. 22, 36 In latter studies special care should be taken to account for the positive or negative chirp of either pump or probe pulses, having different effects on the amplitudes of excited 26, 37, 38 and detected 39 coherent quasiparticles.
The Article is organized as follows. In Sec. II we briefly discuss the copper metaborate properties. In Sec. III and describe the sample of copper metaborate CuB 2 O 4 and the details of the BD-ISRS experiment. In Sec. IV we present the experimental data on the excitation and detection of multiple coherent phonon in CuB 2 O 4 by femtosecond laser pulses. In Sec. V A we introduce the formalism to desribe the BD-ISRS excitation and detection of coherent phonons. Next, in Sec. V B we compare the outcome of the BD-ISRS experiments with the spontaneous RS spectra and analyze the excitation mechanism and the specific detection features of the techniques employed. This is followed by an analysis and discussion in Sec. V C of the effect of the pump and probe pulses durations on the excitation and detection of coherent phonons. In Sec. VI we summarize our findings and discuss their eventual impact on further studies of ultrafast laser-induced processes.
II. CRYSTAL STRUCTURE AND LATTICE EXCITATIONS IN A COPPER METABORATE CuB2O4
CuB spectra of the copper metaborate. The fundamental optical band gap of copper metaborate is ∼4 eV. 29 The polarized optical absorption spectra of CuB 2 O 4 below the fundamental band gap are characterized by an exceptionally pronounced set of zerophonon lines arising from 3d−3d localized electronic transitions in Cu 2+ ions in two positions, and accompanied by multiple phonon-assisted sidebands. 29 This observation has naturally triggered an interest in experimental and theoretical analyses of the phonon modes in CuB 2 O 4 by means of infrared and Raman spectroscopy in a wide temperature range of 4-300 K. 34, 35, 40 All theoretically predicted optical phonon modes in the center of the Brillouin zone were observed in the frequency range above 4 THz and assigned to particular atomic motions. 34 
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It was cut perpendicular to the [010] axis ( Fig. 1(a) ). In the following we use a coordinate system with the x-, y-, and z-axes directed along the [100], [010] , and [001] crystallographic axes, respectively ( Fig. 1(a) ). We note that the [100] and [010] axes cannot be distinguished in the paramagnetic phase, and the assignment of x and y to these axes is done for the sake of convenience. The thickness of the sample was d 0 =67 µm.
The experimental studies of the excitation of the coherent phonons by femtosecond laser pulses were performed using an optical pump-probe technique. The 50-fs laser pulses with a central photon energy of 1.55 eV at the repetition rate of 1 kHz were generated by a regenerative amplifier. Here and below we define pulse duration as the full width at the half maximum (FWHM) of its intensity profile. Part of the output beam was steered to the optical parametric amplifier, producing τ p = 90-fs pump pulses ofhω p = 1.08-eV central photon energy. This photon energy was chosen since CuB 2 O 4 is transparent in this spectral range, which makes ISRS dominating mechanism of coherent phonons excitation. Linearly polarized pump pulses at the azimuth angle θ with respect to the x-axis (see Fig. 1(a) ) were propagating along the sample normal. The pump spot size at the sample was 70 µm (FWHM). Another part of the regenerative amplifier output beam was used as the probe pulses (hω pr = 1.55 eV, τ pr = 50 fs) delayed with the respect to the pump pulses by the variable time t. The incident probe pulses were linearly polarized with the azimuth angle φ with respect to the x-axis ( Fig. 1(a) ). The probe spot size at the sample was 40 µm (FWHM).
Coherent phonons excited by the pump pulses modulate the dielectric tensor components of CuB 2 O 4 , which can be seen in the experiment as a modulation either of the probe pulse ellipticity ( Fig. 1(b) ) or of the probe pulse azimuthal angle due to pump-induced changes in the crystallographic linear birefringence or dichroism, respectively. We note that the absorption coefficient of CuB 2 O 4 at the probe photon energy is ∼60 cm −1 , which suggests that the dichroism experienced by the probe pulses is relatively weak. In experiments we measured the pumpinduced probe ellipticity changes ∆η. In order to do so, a quarter-wave plate (QWP) placed in the probe beam behind the sample was used to convert the ellipticity ∆η to a polarization rotation ∆φ ( Fig. 1(c) ). The probe beam transmitted through the sample and QWP was split by a Wollaston prism into vertically and horizontally polar- • . The pump (E p ) and probe (E pr ) pulses are linearly polarized with the azimuthal angles θ and φ, respectively. (b) Elliptically polarized probe pulse after transmission through the sample. ∆η is the ellipticity. (c) Ellipticity of the probe pulses converted to a rotation ∆φ of the polarization plane after transmission through the quarterwave plate.
ized beams and their intensities were detected by two Siphotodiodes. In this way, the change of the polarization of the probe pulses, measured as the difference between the signals at the two diodes, was monitored as a function of pump-probe time-delay t. The pump-probe traces were recorded with the step of 0.02 ps over the range of 10 ps, including −2 ps negative pump-probe delay. All measurements were performed at T = 293 K.
We would like to emphasize that the detection of coherent phonons, excited via ISRS, is usually realized via monitoring changes of reflectivity or transmitivity. Instead, here we employ the balanced detection (BD) scheme to reveal transient polarization changes, which is more common for experiments on coherent magnons excited via ISRS.
7 To emphasise the difference with the conventional ISRS experiments with coherent phonons, further on we refer to our experimental layout as to BD-ISRS experiment. An advantage of such a scheme for the coherent phonon detection is that it allows to analyze the symmetry of particular phonon modes and to discriminate between them if necessary by choosing a proper probe polarization, as we discuss in detail below. We note that such scheme is a powerful alternative to the reflective electro-optical sampling technique.
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IV. EXCITATION AND DETECTION OF COHERENT PHONONS IN CuB2O4
Figure 2 shows the time-delay dependence of the probe polarization excited by the pump pulses of three different polarizations, θ = 0
• (E p x), θ = 90
• (E p z), and θ = 45
• . The probe was polarized at φ = 45
• . In all three excitation geometries, a strong coherent artifact is (Figs. 3(a,c) ). In particular, the Raman phonons appearing in the x(zz)x RS spectrum ( Fig. 3(c) ) are excited by the pump pulses polarized along the z-axis and propagating along the y-axis (Figs. 3(f) ). We note that such a comparison is justified by the fact that the [100] (x) and [010] (y) crystallographic axes in CuB 2 O 4 are equivalent. Analogously, there is a correspondence between the y(xx)ȳ spontaneous RS spectra 34, 35 and our data obtained for the pump pulses polarized along the xaxis. Such a good agreement allows us to assign the observed oscillations of the probe polarization to the modulation of the dielectric permittivity by coherent phonons excited by the pump pulses.
From comparison of our experimental data and the results of spontaneous RS experiments, we can determine what particular coherent phonon modes are excited in each geometry. Pump pulses polarized along the z-axis excite A 1 modes with frequencies of 7.52, 10.00, and 12.03 THz, while the pump pulses polarized along the x-axis excite also 4.38-and 10.00-THz B 1 modes in addition to the A 1 modes (7.52 and 10.00 THz).
In the geometry where the pump pulses are polarized at the angle θ = 45
• , one can expect excitation of the modes of the E(y) symmetry, which appear in the RS spectrum 34 measured in the configuration y(xz)ȳ ( Fig. 3(b) ). However, this is not the case, as can be seen from ( Fig. 3(e) ).
In Fig. 4 (a) we show the pump-probe traces obtained for the pump polarization θ = 90
• for the three distinct probe polarizations φ = 45
• , 90
• , and 135
• . In Fig. 4 (b) we plot the amplitude of the oscillatory signals ∆η 0 versus the incident probe polarization angle φ at the frequency of Ω 0 /2π = 10.00 THz (the most pronounced oscillatory contribution to the signal ( Fig. 3(f) )). Amplitudes were extracted from the fit of the experimental data to the sine-function. As one can see the oscillations amplitude is strongly enhanced when the incoming polarization of the probe pulses makes an angle of φ = 45
• with the x-axis, thus showing the crucial role of probe pulses polarization in the BD-ISRS experiment. In particular, the results in In Figs. 4(a,b) suggest that the probe polarized at nonzero angle with respect to the pump polarization plane favour detection of the coherent phonon mode excited by the latter. 25 This provides a hint for explaining an absence of the coherent phonon modes of the E(y) symmetry in the signal (Figs. 2,3(e)) measured with θ = 45
• and φ = 45
• . The most evident difference between the results of the pump-probe experiments and the spontaneous RS data is that relative values of the amplitudes of the coherent phonons excited via ISRS cannot be directly related to the amplitudes of the corresponding lines in the spontaneous RS spectra. Furthermore, no coherent phonons with frequencies above 12.03 THz could be reliably observed in the pump-probe experiments, despite the fact that some of them yield very strong lines in the RS spectra (Fig. 3) . In Sec. V A-V C we consider the excitation and detection of the coherent phonons in details to account for these observations.
V. THEORETICAL BACKGROUND AND DISCUSSION OF BD-ISRS IN CuB2O4
A. ISRS as the excitation mechanism of coherent phonons in CuB2O4
In general, there are two mechanisms, ISRS and DECP, which can mediate the coherent phonons excitation by femtosecond laser pulse. We argue that, in our experiments, ISRS is the mechanism responsible for the excitation. First, the sample is transparent for the pump central photon energy, which makes the alternative mechanism -DECP suppressed. 53 Furthermore, DECP is expected to drive symmetric A 1 modes only. 16 Indeed, when the DECP mechanism is involved, the ions are driven from the equilibrium positions at the ground state to the non-equilibrium positions at the excited state. As a result, the symmetry of the crystal remains unchanged and only the symmetric vibrational (A 1 ) mode can be excited in this way.
The ISRS-driven excitation of a coherent phonon with frequency Ω 0 and normal coordinate Q(t) can be phenomenologically described by the equation of motion:
where R Ω0 ij (ω p ) = ∂ε ij (ω p )/∂Q is the Raman tensor, and ε ij (ω p ) is the dielectric permittivity tensor. Note that Eq. (1) does not consider energy dissipation. It is also assumed that the dielectric permittivity dispersion is negligible within the spectral width of the pump pulse. E i (t) is the time-dependent electric field envelope defined as
, and is treated below as a Gaussian profile with amplitude E 0 and FWHM τ . The pump intensity I 0 p is introduced as I 0 p = nc|E 0 | 2 /(4π), where n stands for the refractive index at the pump wavelength. e = (e x , e y , e z ) is the polarization unit vector. α(τ p , Ω 0 ) includes the relation between duration of the pump pulse, or its spectral width σ p , and the frequency of the coherent phonon mode. The coefficient α(τ p , Ω 0 ) in Eq. (1) for the phonon mode Ω 0 can be obtained by recalling that the product of two functions in the time domain can be expressed via convolution of their Fourier-transforms:
The expression for α(τ p , Ω 0 ) reflects the physical picture of ISRS process, in which the pairs of photons with frequencies differ by Ω 0 contribute to the generation of the corresponding coherent phonon mode. The solution of Eq. (1) takes the simple form of a sine-function
In the pump-probe experiments reported here, the measured value is the change of the ellipticity ∆η of the probe polarization occurring due to modulation of the dielectric permittivity by excited coherent phonons, and converted to the polarization rotation by QWP (Figs. 1(b-c) ). The temporal evolution of ∆η can be then expressed as (see App. A for details)
where I pr (t) is the temporal profile of the probe pulse, the exact form of which is introduced below; * denotes the convolution operation. The convolution with the probe pulse temporal profile I pr (t) is required to account for the particular probe duration τ pr . λ pr stands for the probe wavelength. Here, again, the dielectric permittivity dispersion is assumed negligible within the spectral width of the probe pulse.
Thus, the amplitude of the coherent phonons excited and detected in the BD-ISRS process (Eq.
(ii) The product R (iv) The convolution with I pr (t) allows us to account for the polarization changes of the probe pulse due to the modulation of the dielectric permittivity within the range τ pr around the time delay t.
B. Role of the pump and probe polarizations in the BD-ISRS experiment
First, we consider the excitation and detection of coherent phonons in CuB 2 O 4 , neglecting the duration of the pump and probe pulses, i.e., setting α(τ p , Ω 0 ) = 1 and I pr (t) = I 0 pr δ(t). The Raman tensors components for a mode of particular symmetry in CuB 2 O 4 belonging to the point group D 2d are listed in Table I . 34 The modes of the symmetry A 2 are silent. Considering the expressions for the Raman tensor components R ij , we can write the r.h.s. of Eq. (1) in the form given in Table I . From this symmetry analysis one can see directly that the B 2 and E(x) modes can be excited under the conditions e x e * y + e y e * x = 0 and e y e * z + e z e * y = 0, respectively. This is not the case in our experiments, since e y = 0 when pump pulses propagate along the y-axis. 
The driving force for the A 1 modes can be nonzero for any polarization. In the considered geometry the pump pulse of any linear polarization excites these modes, provided the Raman tensor components R xx , R zz are nonzero for that particular mode. Indeed, this is observed in our experiment, where the three lowest A 1 modes at 7.52-, 10.00-, and 12.03 THz are all excited by the pump pulse polarized along the z-axis (Fig. 3(f) ), because all relevant Raman tensor components R zz are nonzero (Fig. 3(c) ). In contrast, only the 7.52-and 10.00-THz A 1 modes are excited by the pump pulses polarized along the x-axis (Fig. 3(d) ), which agrees well with the fact that the line corresponding to the 12.03-THz A 1 (xx) phonon is very weak also in the spontaneous RS spectra (Fig. 3(a) ). B 1 modes can be excited when |e x | 2 = |e y | 2 (see Table I ). In our experiment this corresponds to the pump pulse making a nonzero angle with the z-axis. Indeed, the B 1 mode is excited by the pump pulses with the azimuthal angles θ = 0, 45
• (Figs. 3(d,e) ).
E(y) coherent phonon modes are expected to be excited under the condition e z e * x +e x e * z = 0, which is met at θ = 45
• . However, this was not the case, as follows from a comparison of the spectra in Figs. 3(b,e) . This happens because, in the pump-probe experiment, the detection process is as important as the excitation. In our experimental geometry, optically excited coherent phonons are detected via the modulation of the probe polarization (Eq. (4)) originating from transient changes of the linear birefringence. The components of dielectric tensor modulated by the coherent phonons of a particular symmetry are listed in Table I . It is easy to see that detection of the A 1 and B 1 coherent phonons requires the probe polarization to make an angle φ = 0, 90
• (see App. A for details). In contrast, the modulation of the probe polarization by E(y) coherent phonons vanishes at φ = 45
• .
The relevant amplitudes ∆η 0 of the ellipticity modulation at the phonon frequency Ω 0 for the probe pulses initially polarized at φ = 45
• for each pump pulse polarization θ are
It is worth noting that the distinct pump and probe polarizations provide the most efficient conditions for the excitation and detection of coherent phonons or magnons, 25 as clearly seen from the probe polarization dependence of the BD-ISRS signal shown in Figs. 4(a,b) . We analyzed numerically how the amplitude of the oscillations of the probe ellipticity measured in BD-ISRS scheme depends on the probe polarization angle φ when coherent phonon of a symmetry A 1 modulates the real part of the dielectric permittivity tensor and, thus, change the linear crystallographic birefringence. The calculations were performed using the Jones matrix method, taking the experimentally obtained value of 3.1×10 −3 of the static birefringence in the xz plane of the studied sample at the probe photon energy. Calculations show (Fig. 4(c) ) that the oscillatory signals are indeed caused by modulation of the linear birefringence of CuB 2 O 4 due to coherent phonons, demonstrate the importance of a correct choice of the probe polarization for detection of a laser-driven coherent phonon mode of a particular symmetry.
To conclude the discussion of the excitation mechanism of the coherent phonons, we note that ISRS is the • sole mechanism of excitation of the B 1 coherent phonon mode, while the A 1 mode, in general, can be excited via the DECP mechanism as well. The modulation of the probe ellipticity by the coherent phonons excited via ISRS and DECP should possess sine-(Eq. (4)) and cosine-like temporal behaviors, respectively. 55, 56 We have therefore fitted the data in Fig. 2 to the sum of two or three damped oscillations. 57 The resulting initial phases are shown in Table II . All phonon modes show the nearly sine-like behaviors, i.e., the initial phases are ∼ 0 or ∼ 180
• rather than ∼ 90
• or ∼ 270
• . We note also that the amplitude of the lines in the FFT spectra show linear dependence on the pump fluence I 0 p (see the inset in Fig. 3 ), as expected for the coherent phonons excited via ISRS (Eqs. (1-4) ).
C. Role of the pump and probe durations in the excitation of coherent phonons via ISRS
Now we analyze significant differences between the amplitudes of the phonon lines in the FFT spectra of the pump-probe data and those of the spontaneous RS spectra (Fig. 3) . While both RS and ISRS processes are described by the same Raman tensor components R ij , there is an essential difference between them. 4 This is due to the character of the light used in the RS and ISRS experiments, monochromatic versus broad-band, and due to the different registration techniques. These factors are accounted for in Eqs. (1-4) by the constituents (iii-iv) dependent on the temporal/spectral profiles of the pump and probe pulses. Furthermore, in the RS experiment light scattering from incoherent phonons takes place in the thermal equilibrium, and the Bose-Einstein thermal occupation factor enters the expression for the Raman line intensity.
58 This is not the case when the coherent phonons are driven by the ISRS process.
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We consider four A 1 and three B 1 lowest phonon modes, observed in the spontaneous RS spectra below 15 THz (Fig. 3(a,c) ). 34 The lines assigned to these modes are fitted by the sets of Lorentzian functions
where Ω k and σ k are the frequency and FWHM of the kth phonon line, respectively. These are listed in Tables III   TABLE III : Amplitudes C k and FWHMs σ k of the A1 + B1 phonon lines in the RS (z(xx)z) and ISRS (E p x) spectra (Figs. 3(a,d) ). The Raman tensor Rxx values were extracted from the spontaneous RS data taking into account thermal occupation numbers N (Ω k ) + 1 at T = 293 K. The amplitudes of the oscillations ∆η calc 0 were calculated from the ISRS model, accounting for the pump and probe pulse durations (see text). All amplitudes are normalized to the corresponding amplitude of the 10.00-THz line. and IV. The amplitudes C k of the Stokes lines
can be used as a measure of the magnitude of the Raman tensor component R Ω k ij (ω) describing the scattering of light at the frequency ω by the corresponding phonon. Here
−1 is the Bose-Einstein thermal occupation factor. Note that at room temperature the coefficient N (Ω k )+1 deviates from unity and affects the intensity ratio between different Raman lines when the broad frequency range is considered. As an example, we mention that the ratio R 4.38 /R
14.13
extracted from the RS data appears to be overestimated by ∼25 % when the thermal occupation factor is not taken into account. The peak intensity of the particular phonon line is related to the amplitude and FWHM as I
We note that a less intense but broad Raman line may have a larger contribution to the Raman tensor (compare, e.g., lines at 10.00 and 12.03 THz in Fig. 3(c) ). We also note that the line at Ω k /2π =10.00 THz in the z(xx)z spectrum ( Fig. 3(a) ) contains contributions from both the A 1 and B 1 phonons, i.e., C 10.00 ∼ R (Figs. 3(c,f) ). The Raman tensor Rzz values were extracted from the spontaneous RS data taking into account thermal occupation numbers N (Ω k ) + 1 at T = 293 K. The amplitudes of the oscillations ∆η calc 0 were calculated from the ISRS model, accounting for the pump and probe pulse durations (see text). All amplitudes are normalized to the corresponding amplitude of the 10.00-THz line. Raman tensor components for the case of non-resonant scattering at the pump (hω p = 1.08 eV) and probe (hω p = 1.55 eV) photon energies used in our experiments:
. The normalized amplitudes of the phonon lines in the FFT spectra obtained for the pump-probe traces (Figs. 3(d-f) ) using the fit function (Eq. (8)) are summarized in Tables III and IV . The relation between the Lorentzian line amplitudes C i ∼ ∆η 0 and the Raman tensor components can be found from Eqs. (5-7) and is, in general, less straightforward than in the case of RS because of the chosen detection technique. For the sake of simplicity, we consider that the ratio R zz /R xx ≈ 3 for the A 1 mode of frequency Ω/2π =7.52 THz, as estimated from Eqs. (5-6) and from the data in Figs. 3(d,f) . Then Eqs. (5-6) are reduced to θ = 0 : (10)
From Eqs. (10) (11) it follows that one should compare amplitudes C i obtained for the pump-probe data and those from the RS spectra. In Fig. 5 (a) we plot these amplitudes C i , normalized with respect to the 10.00-THz line in the relevant spectra. One can see two general trends. First, the 10.00-and 12.03-THz A 1 phonon lines in the x(zz)x RS spectrum have similar amplitudes, while in the ISRS spectrum the amplitude of the 12.03-THz coherent phonon line excited by the pump pulses with E p z appears to be ∼4 times smaller than that of the 10.00-THz line. Furthermore, no coherent phonons with frequencies above 12.03-THz could be detected in the BD-ISRS experiment, while some of the phonon lines in this range gain high intensities in the RS spectra, e.g., the 14.13-THz line. Second, from the RS data it follows that R To analyze the observed difference in the RS and ISRS spectra we consider how the durations of both pump and probe pulses affect the results. We treat the pump and the probe pulses as possessing Gaussian temporal profiles
In the frequency domain, both these pulses are assumed to be Fourier-limited, and their spectral profiles are obtained as a Fourier transform of Eq. (12)
where σ p(pr) = 4 ln 2 τ −1 p(pr) is FWHM of the pump and probe pulse intensity profiles in the spectral domain.
As can be shown, probing the oscillatory signal at the frequency Ω i by using the pulse of duration τ pr is the most efficient when the probe pulse duration satisfies the ratio τ pr Ω i /2π ≈ 0.5. Shorter pulses do resolve the oscillations, but the outcome of the convolution (Eq. (4)) has lower amplitude than that in the ideal case. On the other hand, too long pulses are, clearly, not capable of resolving the oscillations of the probe ellipticity. To illustrate this effect we calculated the expected change ∆η(t) in the BD-ISRS experiment using Eqs. (4),(10), (11) and assuming infinitesimally short pump pulses, i.e., α(τ p → 0) = 1. In Fig. 5(c) we plot normalized FFT intensities of the A 1 (E p z) and A 1 and B 1 (E p x) coherent phonons calculated in this way. The probe duration was taken to be τ pr =50 fs (σ pr /2π=9 THz), i.e., equal to the one used in our experiments. As one can see, the 10.00-THz mode, for which the ratio τ pr Ω i ≈ 0.5 is satisfied, shows up as an intense line. The 12.03-THz line (τ pr Ω i ≈ 0.7) is noticeably suppressed. This is despite the fact that the intensities of these two phonon modes in the x(zz)x RS spectra ( Fig. 5(a) ) and, consequently, the corresponding Raman tensor components, are nearly equal. The effect of the probe duration is even more pronounced if one compares the ratios between the intensities of the 10.00-and 14.13-THz lines in the RS spectrum with those in the calculated ISRS spectrum. Thus, considering only the probe pulse duration, one can account, to a certain extent, for the differences in the intensities of the phonon lines in the RS and ISRS spectra in the high-frequency part of the spectrum.
While the duration of the probe pulse affects the detection part of the pump-probe experiment, the duration of the pump pulse determines the efficiency of the coherent phonons excitation. This is accounted for by the coefficient α k (τ p , Ω 0 ) (2), which has the following form for the Gaussian pulses:
The normalized coefficient α(90 fs, Ω) in the range below 15 THz is shown in Fig. 5(c) by dashed lines. This graph clearly demonstrates that the efficiency of the excitation of, e.g., the 10.00-THz phonon mode would be ∼3.5 times higher than that of the 12.03-THz mode, given equal Raman tensor components associated with these modes. We illustrate the effect of the pump pulse duration on the outcome of the pump-probe experiments by calculating the ISRS spectra using Eqs. (4), (10), (11), (14) and assuming an infinitesimally short probe pulse I pr (t) = I 0 pr δ(t) and a pump pulse of duration τ p =90 fs (σ p /2π ≈5 THz). We note that the amplitudes ∆η 0 obtained at τ pr → 0 are proportional to the squared amplitudes of the normal coordinates Q 0 , i.e., to the corresponding atomic displacements excited by the pump pulse.
Finally, we calculate the ISRS amplitudes of the phonons by considering the durations of both the pump (τ p =90 fs) and probe (τ pr =50 fs) pulses. The result is shown in Fig. 5(b) and listed in Tables III-IV . For the excitation of the A 1 mode (left side of Fig. 5(b) ), our model adequately describes the main trends observed in the experiments. As one can see, for the three A 1 modes with frequencies lying in the range of 7-15 THz, this model accounts for the partial or total suppression of the phonon lines with frequencies above 10 THz in the ISRS spectrum, in all considered geometries. In the lower frequency range the discrepancy between the experimental results and the model occurs only for the 4.38-THz B 1 phonon mode which amplitude appears to be overestimated. Importantly, our calculations show that a reasonable agreement between the calculated ISRS spectra and those obtained from the pump-probe experiment is reached only by including the durations of both the pump and probe pulses.
To complete the comparative analysis of the spontaneous RS and ISRS data, we note that the phonon lines in the RS spectra have very narrow widths (see Tables III  and IV) . 34 Thus, in the x(zz)x RS spectra, the line at 10.00 THz is characterized by a FWHM of ≈60 GHz. In the FFT spectra of the BD-ISRS data measured with E p z, this line has a FWHM of 70 GHz, i.e., just by ∼ 15% broader. We note that, as discussed in Ref. 5 , shorter decay time (broader line width) of the coherent phonons excited via ISRS, as compared to that of incoherent phonons contributing to the RS spectra, is caused by different energy dissipation channels. Some of the lines, however, appear to be even narrower in the BD-ISRS experiments than in the RS ones. Most probably, this might be related to the experimental limitations in the temporal and spectral resolutions in these two cases.
VI. CONCLUSIONS
We have performed a detailed study of laser-induced excitation and detection of multiple coherent phonon modes in the BD-ISRS experiment in the dielectric copper metaborate CuB 2 O 4 , characterized by a large primitive unit cell containing 42 atoms. In total, three nonpolar A 1 and one polar B 1 non-degenerate modes were distinguished in the frequency range of 4-13 THz. We have shown that 90-fs linearly polarized laser pulses with a central photon energy in the optical transparency range (hω p =1.08 eV) excite the coherent phonons via ISRS. By comparing the results of the BD-ISRS experiment to spontaneous RS spectra in this material we have demonstrated that the relation between the amplitudes of the phonon lines in these two types of experiments is determined by both the excitation and detection conditions. Namely, the amplitude of the excited coherent phonon is determined by the polarization, intensity, and duration of the pump pulses. Probe pulses polarization and duration are as important as those of the pump pulses. They determine how the transient changes of the dielectric permittivity due to excited coherent phonons lead to the modulation of the probe polarization detected in the BD-ISRS experiment.
A comparison between the spontaneous RS spectra and the BD-ISRS data in the copper metaborate CuB 2 O 4 also allowed us to analyze in detail the limitations imposed by the durations of the pump and probe pulses on the excitation and detection of the coherent phonons. Accounting for the both durations is required to calculate adequately the modulation of the probe polarization in the pump-probe experiment using the spontaneous RS data. It is important to understand the role played by the pump and probe pulse durations in ISRS, because ever-shorter laser pulses are currently becoming employed in pump-probe experiments, providing access to high-energy collective excitations in solids. To the best of our knowledge, no such detailed analysis for the case of multiple coherent phonon modes excitation has been reported so far.
Finally, we would like to note that the reported details of the ultrafast coherent lattice dynamics in copper metaborate CuB 2 O 4 can be be of importance in light of recent attention to the high-frequency phonon-magnon interaction and their role in the ultrafast dynamics driven by femtosecond laser pulses. Here we derive the expression which relates the changes of the ellipticity of the probe pulses measured in the BD-ISRS experiment to the Raman tensor components, and the pump and the probe parameters.
A case of A1 and B1 coherent phonons
Let the coherent phonon contribute to modulation of diagonal components of the dielectric permittivity tensor only, as in the case of A 1 or B 1 phonons. Then, the expression for the dielectric tensor is ε ij + δε ij (t), where δε ij (t) = 0 if i = j. δε ij is related to the coherent phonon normal coordinate as δε ij (t) = R ij Q(t).
We consider the light propagating along the j-axis. The eigenwaves in this case are two orthogonally polarized waves E i and E k , where i and k are the unit vectors in the directions of the i and k-axes, respectively.
Corresponding complex refraction indices for these eigenwaves are n i(k) = ε ii(kk) + δε ii(kk) . After travelling the distance d 0 these waves acquire additional phases of 2πRe(n i(k) )d 0 /λ and their amplitudes are decreased by e −2πIm(n i(k) )d0/λ . First, for the sake of clarity we consider a nondissipative medium. Therefore, the diagonal components of the dielectric permittivity tensor and, consequently, refractive indices, are real values. We consider the light polarized initially as E i = E k = E 0 / √ 2, i.e. at φ = 45 o to the i-axis (Fig. 1(a) ). Then it is easy to show, that, upon traveling the distance d 0 , the light becomes elliptically polarized with ellipticity ( Fig. 1(b) ) equal to the half of the acquired phase shift 2π(n i (t) − n k (t))d 0 /λ between two eigenwaves:
The expression was obtained by taking into account that modulation of the dielectric permittivity tensor induced by coherent phonons is significantly weaker than the value of the corresponding unperturbed component, i.e. δε ij ≪ ε ij . As can be seen from Eq. (A1), there are two contributions to the ellipticity of light passed though the medium. The first one is related to the birefringence of the unperturbed medium and does not contribute to the measured BD-ISRS signal. Thus, the changes of ellipticity are related to the normal coordinate of the corresponding coherent phonon as
where we took into account the relation between the dielectric permittivity tensor components and the phonon normal coordinate. In a general case, when φ = 45 o , the expression (Eq. (A2)) takes a form:
As can be seen from Eq. (A3), in order to detect the A 1 and B 1 coherent phonons by measuring the changes of the probe pulses ellipticity ∆η(t) one has to choose the geometry with φ = 0, 90 o , and φ = 45 o ensuring the best sensitivity. It is also follows from Eqs. (A2),(A3), and the Table I , that the A 1 coherent phonons would not manifest themselves in the experiments with pump or probe light propagating along the z-axis of the crystal, since δε xx = δε yy .
In our experiments, the QWP was placed after the sample with its axis being parallel to the incoming probe beam polarization. It is convinient to consider this experimental geometry in the coordinate frame, with two axes directed along the light propagation direction and along the incoming light polarization. In this frame the Jones vector for the light passed through the medium and acquired the ellipticity ∆η(t) has a form [E 0 ; E 0 ∆η(t)e iπ/2 ]. After passing through the QWP, which introduces the phase shift between the components of the Jonex vector by π/2, the light becomes linearly polarized with the Jones vector [E 0 ; E 0 ∆η(t)]. Thus, the azimuth angle of probe pulses appeared to be rotated by the angle ∆φ(t) ≈ tan(∆φ(t)) = ∆η(t).
A case of B2, E(x), and E(y) coherent phonons
For the case of a coherent phonon mode, which modulates the off-diagonal components of the dielectric permittivity tensor δε ik , e.g. E(y), the eigenwaves are two linearly polarized waves with azimuthal angles arctan (δε ik /(ε kk − ε ii )) with the i-and k-axes. Here we assumed that the changes of the dielectric permittivity tensor components are smaller than the difference between diagonal tensor components of the unperturbed medium. The corresponding refractive indices are n 1(2) = ε ii(kk) ± (δε ik (t)) 2 /(ε kk − ε ii ).
Rigorous expression for the changes of the light polarization are rather complex in this case, and we simplify it by noting the following. In contrast to the previously considered case, here the excited coherent phonons perturb the basis formed by the eigenwaves, while the refractive indices for the eigenwaves can be treated as unchanged n 1(2) ≈ √ ε ii(kk) . It is, thus, convenient to consider this scenario as if the basis remains unchanged and coincides with the i-and k-axes, but the light polarization angle is modulated by the angle arctan (δε ik (t)/(ε kk − ε ii )) ≈ δε ik (t)/(ε kk −ε ii ). By replacing φ by φ+δε ik (t)/(ε kk −ε ii ) we obtain for the case φ = 0 ∆η(t) ≈ πd 0 λ
and for φ = 45 o :
Thus, in contrast to the A 1 or B 1 coherent phonons, detection of the e.g. E(y) coherent phonons can be realized with probe pulses polarized at φ = 0, while at φ = 45 o their effect on the probe polarization is quadratic on small perturbation.
To summarize, we plot in Fig. 6 ellipticity of the probe pulses as a function of incoming polarization φ for two considered cases. If the nonpolar phonons modulate the diagonal elements of the dielectric permittivity tensor, this modulation manifests itself in a periodic change of the amplitude of the η vs. φ dependence, while the knots and the maxima of the dependence remain at their o . In contrast, polar coherent phonon periodically shifts the knots and the maxima of the η vs. φ dependence, leaving its amplitude unchanged. As a result, amplitude of the ellipticity modulation ∆η 0 at the phonon frequency Ω reaches its maximum at φ = 0, 90 o . At φ = 45 o only a weak modulation at doubled phonon frequency 2Ω is expected (see inset in Fig. 6 ).
A case of opaque medium
When the absorption in a medium can not be neglected, the diagonal dielectric tensor components are complex. We consider here the limiting case when the imaginary part of the dielectric permittivity dominates, the A 1 coherent phonon of a symmetry is detected. Then the light propagated the distance d 0 acquires the modulated change of the azimuthal angle by a value:
i.e. the coherent phonon mode can be detected by directly measuring the rotation of the probe polarization passed through the crystal. We note here that the rotation (Eq. (A6)) induced by coherent phonons via linear
